Diffusion-Weighting Attenuates the BOLD Peak Signal Change but not the Post-Stimulus
Undershoot
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Purpose: To test whether the post-stimulus undershoot of the BOLD
sienal dunng brain activation s consistent with elevated  blood
volume tat is sow 10 rewurn 1o daseline.

Buckground: Brain neural activanon induces localized changes in
verebral blood flow (CBF), cerebral metabolic rate of 02 (CMRO2),
and cerebral blood volume (CBV). The temporal response of the Blood
Oxygenation Level Dependent (BOLD) signal used to map patterns of
brain activaton depends on the dynamics of all three of these
physiological quanuties. Numenical studies suggest that the BOLD
stenal change has contnibutions from both the extravascular space (1],
which primanly  depends  on o changes  in the 1ol voxel
deoxyhemoglobin (dHb) content. and also from the intravascular space
[2). which primanly depends on the dHb concentration in blood. The
BOLD response often shows a disunet post-stimulus undershoot that 1s
not present an - the ow signal measured with artenial spin labeling
[34] This transient BOLD effect could be due to increased O2
extraction above baseline [S), or 10 a slower return of CBV (o its
resting value, The fatter view s supported by recent expenimental work
i orats (6] and we recently proposed a Kinetic model (the Balloon
Model [7]) to show how such transients can arise due to blood volume
elfects even when CBF and CMRO2 are tightly  coupled. The
hypothesis of voupled CBF und CMRO2 with slowly resolving CBV
chunges leads 1o u testable predicoon: i CBF and CMRO2 have
returned (o normal resting values, then the post-stimulus undershout
should be due only to the extravascular signal, because the ol dib
content s elevated but the concentration of JHb in blood has returned
o baschne. In this report we present the results of an initial
experimental (est ol this prediction,

Experimentul  Methods  and  Results:  For  this  visual
stimulation study, subjects (n=3) wore Grass goggles 1o view 4
ashing (8 Hez) gnid of red Bights, The stimulus was applied for 20 sec,
tollowed by a 30 see rest peniod. Each run consisted of K repeats of this
Lana eycles and atowal ol 8 runs were performed in cach subject.
Imaging was done on a 3T Bruher Biospee system with a local head
pradienurl corl. Two saginal shices were scquired on either side of the
mdhine wsing a gradient ccho EPE pulse sequence with TR=1010.1 my,
TE=82 ais, FOV=24 amn shice thichness=8 minn, and o 64304 matnx.
On alternate runs dittusion-wenghtng bipolar gradient pulses (2,45
Glem. 25 my total duranon) were addad 1o destroy the vaseular signal
Al images were coregivtered with IMREG (MOW) and the runs with and
without diftusion wenghting were separately averaped topether 4 runs
cach) For cach pivel tme course a third order polynomial baseline
drnttwas remosed. and the data were then collapsed over the 8 cycles (o
prosduce 4 iime senes for one cycle of simulus presentation. The TR
was vhosen 1o be shightly  asynchronous  with the  sumulus
presentation so that the ume resolution of the collupsed time series
was improsed by g fuctor of 8. However, remaiming low frequency
dntts i the full time series are consented 1o high Irequency noise 1n
the collapsed bime senes, so gaussian smoothing with a FWHM=0.5,
was apphied 1o the final data: For cach subject. all voxels showing a
signal change greater than 1% duang the stimulus were selected and
averaged (Fig 1)

Discusslon:  Wuh no diffusion-weighting, the BOLD response
showed 4 ostrong posiive signal chuange with a pronounced post-
stmulus undershoot. Addd ditfusion-werghting naduweed the peak
BOLD ¢hange by about 7%, but Jdid not attenuate the post-siimulus
undenshoot - This data suggests that at AT there s a signidicant
intravaseular contnbution to the BOLD signal The lack o attenuation
of the undershool s consisient with the  hypothests  that  (he
undershoot s a purely extravaseular signal Change that uecurs atter
CBE and CMRO2 have returned to basehine salues. but betore the CBY

changes have fully resolved. As an illustration, Fig. 2 shows curves
calculated from the Balloon Model [7], which is based on this
hypothesis, with parameters adjusted to approximate the data. Model
parameters used were: resting 02 extraction of 40%. resting blood
volume traction of 1L.5%, steady-siate power law relation between
volume and flow with exponent 0.4, The dynamic curve of outllow
lags behind mtlow. The dashed curve s the BOLD signal with
complete climination of intravascular signal. The curves of CBF,
CMRO2, and CBV that produce the model BOLD curves e shown in
the lower panel. In the model curves the post-stimulus BOLD signal
crosses zero slightly carlier when the blood signal is aucnuated. and
the measured data also shows this pattern.
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Figure 13T visual stimulation data: with (dashed) and without (solid)
diltusion werghting.,
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Figure 2: Hlustrative balloon model calculations.

Conclusions: These data are consistent with the hypothesis that
CBF and CMRO2 changes resolve quickly atter the end of the stimulus,
but the blood volume resolves more slowly. For the alternanve
hypothests o increased O2 extraction in the post-stimulus period, we
would expect that the altered dith concentration in blood would also
produce an undershoot in the intravascular signal, and that dittusion-
werghting would then attenuate the undershoot as well,
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